Transcription profiles of differentially marbled beef cattle by Clark, Daniel L.
  
 
 
 
 
 
TRANSCRIPTION PROFILES OF DIFFERENTIALLY MARBLED BEEF CATTLE 
 
 
 
 
BY 
 
DANIEL L. CLARK 
 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements  
for the degree of Master of Science in Animal Sciences  
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2008 
 
 
 
 
 
 
 
 
Urbana, Illinois 
 
 
Adviser: 
 
  Professor Tom Carr 
ii 
 
ABSTRACT 
 
The objective of this study was to identify specific bovine genes expressed within 
skeletal muscle that are associated with the amount of intramuscular fat deposition. Twenty-eight 
steers and heifers were harvested at the University of Illinois Meat Science lab over the course of 
4 months in early 2009. Samples of longissimus muscle were removed within 90 minutes post-
mortem and stored at -80ºC prior to RNA extraction. At 24 h post-mortem, cattle were graded 
and pH, drip loss, color measurements were recorded. Steaks were removed for analysis of shear 
force and intramuscular fat content. Four pairs of animals were identified based on similar 
adjusted backfat thickness but differing in amounts of intramuscular fat within each pair. The 
high marbled group averaged 9.7% intramuscular fat while the low marbled group had just 4.8% 
intramuscular fat. RNA was extracted from muscle samples devoid of visible fat and microarray 
analysis was performed using the Agilent two-color bovine array using a paired design with dye 
flip. Based on this analysis, 9 genes were selected as differentially expressed due to 
intramuscular fat content, and expression was subsequently confirmed by qPCR. Expression 
levels of MYH3, HOXD10, MXRA8 and CASQ2 were increased in animals with high marbling, 
whereas levels of NPNT, MRC1, DNER, and CYPB4 were decreased in high marbling animals. 
The remaining gene, ACTN2 was determined to be a false positive from the array and was 
therefore excluded from further study. RNA was then extracted from the remaining animals and 
expression of the above 8 genes was determined by qPCR with 18srRNA as a housekeeping 
gene. Despite the positive results of the preliminary study, associations between gene expression 
and intramuscular fat content did not extend to the larger population of beef cattle. A significant 
negative association existed between expression of MRC1 and marbling level (P=0.04), but the 
amount of variability explained by this relationship was low (R
2
=0.17). Interestingly, expression 
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of MRC1 was also negatively associated with a* (P=0.01, R=-0.49) and b* (P=0.02, R=-0.44). 
Therefore, this study was unable to identify a particular gene set whose expression correlated 
well with marbling levels in the larger population of beef cattle. 
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Chapter I 
REVIEW OF LITERATURE 
 Beef quality is a major factor that consumers consider when selecting a cut of meat.  
However, consumers do not agree as to what quality characteristics create the most desirable 
eating experience.   Some consumers consider a bright cherry-red color the most important 
characteristic; others might prefer a very small amount of purge in the package, while some 
value steaks with flecks of fat throughout the interior of the muscle.  All these characteristics, 
along with pH, texture, and firmness have been shown to impact the palatability of various beef 
cuts.  Each characteristic mentioned impacts eating experience in a different manner.  For 
instance, pH alters protein functionality, which influences water holding capacity and meat color.  
Flecks of fat inside the muscle, commonly known as marbling, lubricates food particles and 
increase saliva production during chewing providing a desirable mouth feel.  In reality, all of 
these characteristics must be simultaneously evaluated and compiled to accurately predict 
palatability a combination of juiciness, tenderness, and flavor.  This discussion will focus on the 
impact of marbling on beef palatability and address development and origin of marbling.   
Marbling and Palatability 
Marbling is visible adipose tissue located between muscle fibers and generally near 
capillary beds.  Pools of marbling include at least 10 to 15 adipocytes grouped together (Harper 
and  Pethick, 2004).  It is often subjectively quantified by visually assessing fat on the ribeye 
surface at the 12
th
 and 13
th
 rib in beef.  Total intramuscular fat can also be quantified by chemical 
extraction; however, this measurement includes lipids from within muscle fibers and cell 
membranes, which are not included in the definition of marbling.  These other lipids are assumed 
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to be a very small part of the total muscle lipid content, and therefore the term intramuscular fat 
and marbling are often used interchangeably.     
 One important element of palatability, tenderness, has long been a challenge for the beef 
industry with approximately one in four steaks in the United States having less than desirable 
tenderness (George et al., 1999).  Consumers, however, are willing to pay more for beef steaks 
that are assured to be tender (Boleman et al., 1997) indicating there may be a marketing 
advantage for better prediction of tenderness.   Some studies have shown that marbling has a 
high correlation with tenderness.  Trained (Jennings et al., 1978; Smith et al., 1986) and 
consumer (Savell et al., 1987; Platter et al., 2003) sensory panels perceived increased tenderness 
with increasing quality grade, a parameter largely based on marbling.  Similarly, as marbling 
scores increased, Warner-Bratzler shear values decreased (Jennings et al., 1978; Tatum et al., 
1980; Savell et al., 1987; Wheeler et al., 1994; Platter et al., 2003).  Marbling also can interact 
with the type of cut to impact tenderness.  For instance, top loin steaks from premium Choice 
cattle had higher sensory panel rankings compared to cattle which graded low Select, whereas, 
the top round and top sirloin steaks had no increased tenderness score from the same quality 
grades (Lorenzen et al., 2003).  Increased marbling is thought to improve tenderness in beef 
through one or more mechanisms.  The bite theory, suggests that increased marbling decreases 
bulk density or mass per unit volume (Savell and  Cross, 1988).  Recognizing that fat has a lower 
shear force value than protein, one can infer the increase in tenderness is simply due to the 
reduced amount of protein that must be sheared through with each bite.  The strain theory states 
that fat deposited alongside connective tissue walls causes a thinning of the connective tissue 
decreasing its’ width, thickness, and strength (Savell and  Cross, 1988), and therefore also 
decreasing the shear force needed to bite through it. 
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   However, many experiments reach the conclusion that marbling has little effect on 
tenderness (Parrish Jr et al., 1973).  Consumers reported no difference in tenderness rankings 
between premium Choice (upper 2/3 Choice) and Select grade steaks that were prepared in their 
home.  However, the same consumers, in a laboratory setting which standardized cooking 
method and degree of doneness, rated premium Choice steaks more tender (Killinger et al., 
2004).  In pork, trained sensory panelist evaluated the tenderness of pork chops cooked to 62˚C, 
71˚C, and 80˚C, and only 5% to 10% of the tenderness variation could be accounted for by 
marbling (Rincker et al., 2008).  Some have speculated that, overall, marbling may account for 
0.01 to 36% of the variation in tenderness (Blumer, 1963).  Therefore, while marbling may 
provide some prediction ability for tenderness, there are other factors including degree of 
contraction, collagen content, and endogenous enzymatic activity which play a large role in 
tenderness. 
 Marbling may also influence flavor and juiciness of beef.  Many studies have 
documented positive associations between marbling, juiciness, and flavor (Smith et al., 1986; 
Savell et al., 1987; Lorenzen et al., 2003; Platter et al., 2003).  Trained sensory panels perceived 
greater beef flavor for steaks with slightly abundant, moderate and modest amounts of marbling 
compared to steaks with small, slight or traces amount of marbling (Savell et al., 1987).  Others 
have also observed increased juiciness scores from trained sensory panelists for Prime loin steaks 
versus Choice steaks (Smith et al., 1986).  However, others reported that overall fat content only 
accounted for 11% (weighted average of 15 studies) of the variation reported for flavor scores 
from trained sensory panel (Smith et al., 1983).  Ultimate pH, rate of pH decline, and water 
holding capacity can also impact juiciness, and species specific proteins can also heavily impact 
flavor (Myers et al., 2009).   
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 Though marbling may only be loosely related to palatability of beef, it should be noted 
that marbling is important for beef producers selling their animals via grade and yield.  USDA 
quality grades are assigned based characteristics used to predict end-product palatability (USDA, 
1997)  including amount of intramuscular fat, maturity of the animal, and color of the lean 
surface.  There are eight beef quality grades:  Prime, Choice, Select, Standard, Commercial, 
Utility, Cutter and Canner; the first four grades are reserved for young cattle (Figure 1.1).  Cattle 
buyers offer premiums for carcasses that qualify for the Prime grade and those which grade in 
the upper two-thirds of Choice (Premium Choice), whereas those which grade Select or Standard 
are discounted.  Over the past five years (January 1, 2005 – December 31, 2009) the average 
premium for cattle denoted as Prime and premium Choice was $9.06/cwt. and $2.75/cwt., 
respectively.  For the same time period, the average discount for carcasses deemed as select or 
standard was $8.97/cwt. and $10.67/cwt., respectively (Annual meat trade review, 2006, 2007, 
2009).   
Marbling plays a large role in determining quality grade.  Historically, marbling is scored 
by visual appraisal, however the current primary method of scoring is by video image analysis.  
The marbling scores for beef from highest to lowest are abundant, moderately abundant, slightly 
abundant, moderate, modest, small, slight, traces and practically devoid.  Scores are primarily 
assigned based on the total amount of visible fat, but the distribution and size of the marbling 
flecks are also taken into account. A slightly abundant amount of marbling, the minimum 
marbling for a young carcass to grade Prime, is associated with approximately 9% intramuscular 
fat, where as the traces amount of marbling is associated with 2-3% intramuscular fat (Figure 
1.2) (Romans et al., 2001).  Assigning marbling scores is currently used as opposed to chemical 
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evaluation because it is a rapid procedure that can easily be incorporated into the production 
lines.  
Origin of Marbling 
Despite the intense economic pressure to maximize marbling in beef, little is known 
regarding the origin of marbling adipocytes.  Skeletal muscle originates in the mesoderm layer of 
the embryo during embryonic growth.  From this, myoblasts commit, migrate and undergo 
proliferation and fuse to form myotubes.  These myotubes mature by additional myofiber fusion 
with myotubes to form muscle fibers. These multinucleated cells make up the majority of 
skeletal muscle and are largely responsible for contractile actions of muscle.  Other cell types, 
however, are also present within muscle tissue.  Fibroblasts are responsible for the production of 
connective tissue proteins.  Endothelial cells surround blood vessels.  Macrophages and mast 
cells are a part of the immune system.  They clear cellular debris from the muscle and are 
responsible for inflammation.  Stem cells are not completely understood, however, a segment of 
stem cells known as satellite cells can fuse with myofibers providing additional nuclei for muscle 
growth or injury repair (Harper and  Pethick, 2004).  Adipocytes primarily store lipids.   
Marbling adipocytes are not evident in young animals, therefore many studies have been 
completed trying to understand the origin of intramuscular adipocytes.   
 One hypothesis is that marbling adipocytes arise from stem cells or satellite cells.  
Satellite cells have pluripotent capabilities in vitro. When provided with appropriate media, 
satellite cells expressing muscle specific proteins were capable of differentiating into osteoblasts 
and adipocytes (Wada et al., 2002).  There have been no in vivo studies, however, confirming 
pluripotency in differentiated myogenic cells.  It is possible that adipocytes are derived from 
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muscle stem cells, not fully committed to the myogenic linage.  For example, a segment (~13%) 
of “satellite cells” do not express Myf5, which is expressed in progenitor cells that have 
committed to the muscle lineage (Kuang et al., 2007).  These or other stem cells may have more 
flexibility in differentiation options and could give rise to marbling adipocytes.      
Niche regulation is thought to be the primary method to conserve satellite cell 
populations within skeletal muscle.  The principle behind niche regulation is that cells in close 
proximity influence the functions of one another by extracellular matrix signaling factors.  For 
example, when a muscle fiber is in need of repair, signals activate satellite cells to proliferate and 
fuse with the muscle fiber.  The pool of stem cells, however, must also be maintained.  When a 
satellite cell divides, the daughter cells’ spatial proximity to other constituents within skeletal 
muscle may determine the fate of each daughter cell.  Muscle fibers may send signals to initiate 
fusion and differentiation, while the basal lamina extracellular matrix signals may favor the 
undifferentiated state (Kuang et al., 2007; Kuang et al., 2008).  This asymmetrical division will 
result in two daughter cells with different functions.  Therefore, there could be different lines of 
satellite cells which are maintained by asymmetrical division.  It is possible that this niche theory 
could be applied to other cell types.  As mentioned earlier, young cattle do not have adipoblasts 
within skeletal muscle, therefore signals from the niche received by an unknown precursor, like a 
stem cell, could result in differentiation into adipocytes. 
This same type of niche regulation could also be applied to mesenchymal cells, fibroblast 
precursor cells. Mesenchymal cells can differentiate into other cell types, including adipocytes 
(Forrest et al., 1975) and are of particular interest because marbling accumulates in close 
proximity to both collagen and capillaries within the muscle, areas rich in mesenchymal cells.  
Similarly, endothelial cells which line the capillary network within skeletal muscle, have been 
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suggested as marbling adipocytes precursors because of their close proximity to marbling pools.  
It is also possible that stem cells from sources such as bone marrow travel through the blood 
stream and differentiate into adipocytes in skeletal muscle, again explaining why marbling is 
located near capillary beds.   
Marbling Accumulation and Regulation 
 It should be noted that marbling is highly regulated by growth.  Internal, subcutaneous, 
intermuscular, and intramuscular are the four fat depots in an animal (Gerrard and  Grant, 2002) 
which differ in their timing of formation and metabolic role.  Internal fat is developed first to 
provide neonates insulation and organ protection.  Intermuscular and subcutaneous fat are often 
developed simultaneously.  Subcutaneous fat is the largest fat depot in pork and the second 
largest in beef.  It consists of three layers:  the outer layer, developed first, is thought to provide 
insulation; the middle, usually the thickest layer, is formed second and is the most metabolically 
active; the inner layer, the thinnest, is the last to develop.  Intermuscular fat, commonly referred 
to as seam fat, is the largest depot in a beef carcass.  Intramuscular fat is the final depot to 
develop, which is why maturity heavily regulates marbling development.   
As animals age, fat depots will continue to develop simultaneously.  During early growth, 
animals will primarily deposit protein within skeletal muscle.  As animals mature, however, 
protein accretion will slow and lipid accumulation will increase.  Producers will maximize 
profits by marketing animals at a time when protein accretion has slowed enough to allow the 
deposition of enough marbling for the carcass to reach the desired quality grade.  However, 
producers do not want to allow over accumulation of fat, as the deposition of fat has much higher 
energy needs, therefore decreasing average daily gains and efficiency.  
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 Marbling has also been shown to be regulated by dietary and production factors.    Cattle 
fed vitamin A deficient diets have increased marbling scores (Oka et al., 1998).   Vitamin A is 
known to function with thyroid hormones and insulin-like growth factors, however the full 
response mechanism  is still partially unknown (Harper and  Pethick, 2004).  Grain processing 
such as steam-flaked grain can increase the availability of starch and thereby increases marbling 
and quality grades (Owens and  Gardner, 2000).   Intramuscular fat percentage may also be 
influenced by sex.  Steers have more marbling compared to heifers (Harper and  Pethick, 2004).  
Earlier castration practices could also increase the amount of marbling (Worrell et al., 1987).  In 
vivo studies have also showed that testosterone inhibits adipogenesis (Singh et al., 2003).  This 
could be the underlying cause of the decreased marbling seen in the animals castrated at an older 
age.  Lysine deficient diets have also been shown to increase intramuscular fat in pork (Witte et 
al., 2000; Bidner et al., 2004).  Since lysine is often the limiting amino acid in pork diets, the 
lysine deficient diets are likely slowing protein accumulation, and therefore increasing lipid 
accumulation.  The addition of chromium to swine diets has also been shown to increase the 
marbling scores (Matthews et al., 2003).   
Breeds and genetics can play a large role in the amount of marbling developed, with 
Wagyu and double-muscled cattle representing the extremes of these effects.  Wagyu cattle, a 
Japanese breed, are particularly noted for their high marbling, producing the popular Kobe beef.  
When time on feed is held constant, Wagyu-cross cattle have a greater amount of marbling 
compared to Angus-cross cattle (Xie et al., 1996).  Interestingly, Wagyu-cross cattle also had 
larger ribeye areas and less subcutaneous fat indicating that in Wagyu cattle marbling can be 
increased without having a detrimental effect on carcass yield.  This suggests that marbling 
formation is also controlled by a genetic motive rather than only growth and nutritive factors that 
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shift the animal’s growth curve.  Conversely, Belgian Blue is a breed that has minimal amounts 
of intramuscular fat.  Belgian Blue cattle have a mutation in the gene for myostatin, expressed 
during embryonic growth and responsible for inhibiting muscle fiber hyperplasia (Kambadur et 
al., 1997).  Belgian Blue cattle will yield a much higher lean to fat ratio; however, marbling 
scores are very low (Gotoh et al., 2009).  It can be hypothesized that double muscled cattle need 
an extended period of time on feed to reach the point of the growth curve where the protein 
accumulation rate has maximized and lipid accumulation has increased.  However, carcasses 
from double muscled cattle marketed at a normal age are currently too large for industry 
standards; therefore even larger cattle would cause even greater challenges. 
 Marbling can also be altered by genetic selection.  Marbling has a heritability coefficient 
of approximately 0.46, considered to be moderately-to-highly heritable (Bertrand et al., 2001) .  
Genetic markers developed and used recently in production agriculture aid in selection for 
marbling.  Genetic marker tests locate DNA sequences associated with changes in specific traits.  
For example, TG5 is a segment of the thyroglobulin gene, which encodes a thyroid hormone 
involved in lipid metabolism.  One sequence of TG5 DNA has been associated with increased 
marbling and results in an increase in the number of cattle that grade either Prime or Choice 
when compared to the alternative TG5 DNA sequence (Van Eenennaam et al., 2007).  Vitamin 
A, interacts with thyroid hormones; therefore thyroid hormones could play a significant role in 
marbling development.  Other genetic markers associated with marbling include diacylglycerol 
O-acyltransferase (Dgat1) and fatty acid binding protein 4 (Fabp4), two proteins involved in 
lipid metabolism.  The limitation, from a mechanistic standpoint, of the DNA markers is that 
they often do not result in a clear change in protein function or mRNA expression.  Therefore, 
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while they offer producers the ability to assist in selection, they do little to understand the 
fundamental question of how marbling develops.   
 An alternative means of identifying factors which influence marbling is to investigate the 
transcription profile (RNA expression) of animals.  This approach focuses on the mRNA 
produced by different animals.  Messenger RNA serves as the intermediary between DNA and 
protein, and mRNA expression is often reflective of the proteins in a cell.  Previously, a 
microarray analysis was used to identify transcription profiles of highly marbled beef (Wang et 
al., 2008).  Five Wagyu x Hereford and five Piedmontese x Hereford cattle were used to 
determine genes involved in adipogenesis and lipogenesis upregulated within skeletal muscle.  
Wagyu cattle are used in production for increased marbling where as Piedmontese are another 
double-muscled breed and have very little marbling.  Microarrays were performed on two pairs 
(Wagyu vs. Piedmontese) at three different time points (3, 7 and 12 months).  Ninety-seven 
genes were found to be differentially expressed.  After annotation, eleven genes thought to be 
involved in lipogenesis and adipogenesis were chosen for real-time-polymerase chain reaction 
(rt-PCR).  Total RNA from thirteen animals (6 wagyu and 7 piedmontese) at five time points (3, 
7, 12, 20 and 25 months) were used in the rtPCR quantification.   
 Three genes involved in adipogenesis and lipogenesis were upregulated:  Fabp4 (fatty 
acid-binding protein, adipocyte), Scd (stearoyl-CoA desaturase), and adiponectin.  Since, these 
three genes are specifically expressed in adipose tissue (Hu et al., 1996; Wu C et al., 2009), one 
could hypothesize that the increased expression was simply from a increased amount of adipose 
deposition.  As total RNA from a large sample of muscle tissue was extracted, this sample 
included RNA from marbling adipocytes as well as muscle cells.  Wagyu cross cattle have more 
adipocytes present in muscle, contributing more RNA to the pool, and may have resulted in the 
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apparent up-regulation of adipose-specific genes.  Therefore, these genes may not have a large 
influence on the development of marbling. 
Objectives 
Marbling adipocytes and their precursor cells would be subject to signals from the niche 
in which they reside.  This niche is defined by the nearby muscle fibers, connective tissue and 
blood vessels as well as neighboring adipocytes.  Signals from these tissues promote the 
differentiation and filling of marbling adipocytes in some animals to a greater extent than others.  
Previous research has centered on DNA markers to select for greater marbling or adipogenic 
genes which would be found in marbling adipocytes themselves and has not focused on signals 
from the complex niche regulating these cells.  Therefore, the objective of this study was to 
identify the transcription profile, the gene signals produced by the niche, and more specifically 
by the muscle fiber, of highly marbled beef cattle.   
Microarray 
 With the advent of DNA sequencing, new technologies have been developed for the 
study of gene expression.  In each cell, a unique set of mRNA is transcribed from the DNA 
present.  The expression of these unique genes is what makes each cell different from one 
another; therefore the cell is able to accomplish different tasks (intestinal cell vs. kidney cell).  
Environmental and nutritional factors and predisposed genetic conditions can all cause gene 
expression to differ for the same cell type from one animal to another.  This varying gene 
expression is why each individual cell, each tissue and each animal is unique.  In this case we are 
interested in marbling, specifically what genes are up or down regulated and cause earlier 
marbling development, greater rate of marbling deposition, or a greater amount of marbling 
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within skeletal muscle.  Microarray allows scientists to simultaneously identify all genes that are 
differently expressed between two samples (high marbling vs. low marbling).  A cDNA 
microarray contains many spots on a single slide, and every spot represents one gene.  
Furthermore, each spot contains many copies of the DNA sequence for the gene.   
 RNA samples that are to be used for microarray are reverse transcribed to produce 
cDNA.  Samples are then labeled so as to be distinguished from one another.  Cy3 (fluoresces 
green at 570nm) and Cy5 (fluoresces red at 670nm) are two common labels that are used for 
microarray.  The labeled cDNA, from the two samples, are then flooded onto the slide and are 
allowed to bind to the DNA spots on the slide.  A scanner analyzes the fluorescing color from 
each spot and determines which sample is more prevalent.  For example, if a green color is 
fluorescing from the spot, it is assumed that the Cy3 labeled cDNA is expressing that particular 
gene at a higher level than the Cy5 labeled gene.  This technique allows scientists to discover not 
only specific genes, but also whole genetic pathways that may be involved with a particular 
phenotypic trait. 
Real-time Quantitative Polymerase Chain Reaction 
 Real-time quantitative Polymerase Chain Reaction (qPCR) is another technology that 
allows for the quantification of expression levels of a particular gene of interest.  For qPCR, 
mRNA from samples is converted to cDNA.  The cDNA is then placed with a forward and 
reverse primer and a probe, specific to the gene of interest.  The probe contains a small string of 
nucleic acids that are complementary to the cDNA strand that is of specific interest.  On the 5’ 
end of the probe, a fluorescent dye is present; however, this dye does not fluoresce when it is in 
close proximity to the quencher which is on the 3’ end of the probe.  During qPCR, a series of 
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heating and cooling steps causes primers and probe to anneal to the cDNA strand of interest.  
Primers then recruit other nucleic acids to continue to elongate the primer sequence.  As this 
continues, the new strand reaches the probe and the polymerase excises it, at which time the 
quencher is cleaved from the probe.  This allows the dye to fluoresce (Figure 1.3).  The two 
copies of DNA can produce more copies of DNA, each time releasing a quencher, allowing a 
greater amount of fluorescent.   
 Fluorescence is read at the end of each heating and cooling cycle.  The number of cycles 
that are needed to reach a threshold is recorded and called the number of cycles to threshold (Ct-
value).  A lower Ct value represents a greater amount of mRNA expressed from the target gene, 
whereas a high Ct value indicates little mRNA expression from the target sequence.  A 
housekeeper gene is used to standardize variations of dilutions from sample to sample.  In this 
study, a microarray analysis of eight high and low marbled animals were used to generate a list 
of candidate genes.  The expression of the genes was then quantified in a larger population of 
cattle with a range of marbling levels.  
 
14 
 
References 
Annual meat trade review. 2006.  Livestock and Grain Market News Service. Des Moines, Iowa.  
Annual meat trade review. 2007.  Livestock and Grain Market News Service. Des Moines, Iowa. 
Annual meat trade review. 2009.  Livestock and Grain Market News Service. Des Moines, Iowa. 
Bertrand, J., R. Green, W. Herring, and D. Moser. 2001. Genetic evaluation for beef carcass 
traits. Journal of Animal Science. 79: E190.  
Bidner, B., M. Ellis, D. Witte, S. Carr, and F. McKeith. 2004. Influence of dietary lysine level, 
pre-slaughter fasting, and rendement napole genotype on fresh pork quality. Meat Science. 
68: 53-60.  
Blumer, T. N. 1963. Relationship of marbling to the palatability of beef. Journal of Animal 
Science. 22: 771-778.  
Boleman, S. J., S. L. Boleman, R. K. Miller, J. F. Taylor, H. R. Cross, T. L. Wheeler, M. 
Koohmaraie, S.D. Shackelford, M.F. Miller, R.L. West, D.D. Johnson, and J. W. Savell 1997. 
Consumer evaluation of beef of known categories of tenderness. Journal of Animal Science. 
75: 1521-1524.  
Forrest, J. C., E. Aberle, H. Hedrick, M. Judge, and R. Merkel. 1975. Principles of meat science. 
Schweigert B. S., ed. . San Francisco, WH Freeman and Co. 
 George, M. H., J. D. Tatum, K. E. Belk, and G. C. Smith. 1999. An audit of retail beef loin steak 
tenderness conducted in eight U.S. cities. Journal of Animal Science. 77: 1735-1741.  
Gerrard, D. E., and A. L. Grant. 2002. Principles of animal growth and development. Kendall 
Hunt. Dubuque, IA.  
Gotoh, T., E. Albrecht, F. Teuscher, K. Kawabata, K. Sakashita, H. Iwamoto, and J. Wegner. 
2009. Differences in muscle and fat accretion in japanese black and european cattle. Meat 
Science. 82: 300-308.  
Harper, G. S., and D. W. Pethick. 2004. How might marbling begin? Australian Journal of 
Experimental Agriculture. 44: 653-662.  
Hu, E., P. Liang, and B. M. Spiegelman. 1996. AdipoQ is a novel adipose-specific gene 
dysregulated in obesity. Journal of Biological Chemistry. 271: 10697-10703.  
Jennings, T., B. Berry, and A. Joseph. 1978. Influence of fat thickness, marbling and length of 
aging on beef palatability and shelf-life characteristics. Journal of Animal Science. 46: 658-
665.  
15 
 
Kambadur, R., M. Sharma, T. P. L. Smith, and J. J. Bass. 1997. Mutations in myostatin (GDF8) 
in double-muscled belgian blue and piedmontese cattle. Genome Research. 7: 910-916.  
Killinger, K., C. Calkins, W. Umberger, D. Feuz, and K. Eskridge. 2004. Consumer sensory 
acceptance and value for beef steaks of similar tenderness, but differing in marbling level. 
Journal of Animal Science. 82: 3294-3301.  
Kuang, S., M. A. Gillespie, and M. A. Rudnicki. 2008. Niche regulation of muscle satellite cell 
self-renewal and differentiation. Cell Stem Cell. 2: 22-31.  
Kuang, S., K. Kuroda, F. Le Grand, and M. A. Rudnicki. 2007. Asymmetric self-renewal and 
commitment of satellite stem cells in muscle. Cell. 129: 999-1010.  
Lorenzen, C., R. Miller, J. Taylor, T. Neely, J. Tatum, J.W. Wise M.J. Buyck, J.O. Reagan, and 
J.W. Savell. 2003. Beef customer satisfaction: Trained sensory panel ratings and warner-
bratzler shear force values. Journal of Animal Science. 81: 143-149.  
Matthews, J., A. Higbie, L. Southern, D. Coombs, T. Bidner, and R. Odgaard. 2003. Effect of 
chromium propionate and metabolizable energy on growth, carcass traits, and pork quality of 
growing-finishing pigs. Journal of Animal Science. 81: 191-196.  
Myers A., S. Scramlin, A. Dilger, C. Souza, F. McKeith, and J. Killefer.  2009.  Contribution of 
lean, fat, muscle color and degree of doneness to pork and beef species flavor.  Meat Science.  
82: 59-63. 
Oka, A., Y. Maruo, T. Miki, T. Yamasaki, and T. Saito. 1998. Influence of vitamin A on the 
quality of beef from the tajima strain of japanese black cattle. Meat Science. 48: 159-167.  
Owens, F., and B. Gardner. 2000. A review of the impact of feedlot management and nutrition 
on carcass measurements of feedlot cattle. Journal of Animal Science. 77: 1-18.  
Parrish Jr, F., D. Olson, B. Miner, and R. Rust. 1973. Effect of degree of marbling and internal 
temperature of doneness on beef rib steaks. Journal of Animal Science. 37: 430-434.  
Platter, W., J. Tatum, K. Belk, P. Chapman, J. Scanga, and G. Smith. 2003. Relationships of 
consumer sensory ratings, marbling score, and shear force value to consumer acceptance of 
beef strip loin steaks. Journal of Animal Science. 81: 2741-2750.  
Rincker, P., J. Killefer, M. Ellis, M. Brewer, and F. McKeith. 2008. Intramuscular fat content has 
little influence on the eating quality of fresh pork loin chops. Journal of Animal Science. 86: 
730-737.  
Romans, J., W. Costello, C. Carlson, M. Greaser, and K. Jones. 2001. The Meat We Eat. 14th ed. 
Danville, Illinois, Interstate Publishers, INC.  
 
16 
 
Savell, J. W., and H. R. Cross. 1988. The Role of Fat in the Palatability of Beef, Pork and Lamb. 
Pages 345-355 in Designing Foods. Carlson, C., and G. J. Robbins, eds. The National 
Academies Press, Washington, DC.  
Savell, J., R. Branson, H. Cross, D. Stiffler, J. Wise, D. Griffin and G.C. Smith. 1987. National 
consumer retail beef study: Palatability evaluations of beef loin steaks that differed in 
marbling. Journal of Food Science. 52: 517-519.  
Singh, R., J. N. Artaza, W. E. Taylor, N. F. Gonzalez-Cadavid, and S. Bhasin. 2003. Androgens 
stimulate myogenic differentiation and inhibit adipogenesis in C3H 10T1/2 pluripotent cells 
through an androgen receptor-mediated pathway. Endocrinology. 144: 5081-5088.   
Smith, G., J. Savell, H. Cross, and Z. Carpenter. 1983. The relationship of USDA quality grade 
to beef flavor. Food Technology. 5: 233-238.  
Smith, G., J. Savell, H. Cross, Z. Carpenter, C. Murphey, G. Davis, H.C. Abraham, F.C. Parrish, 
Jr., and B.W. Berry.  1986. Relationship of USDA quality grades to palatability of cooked 
beef. Journal of Food Quality. 10: 269-286.  
Tatum, J., G. Smith, B. Berry, C. Murphey, F. Williams, and Z. Carpenter. 1980. Carcass 
characteristics, time on feed and cooked beef palatability attributes. Journal of Animal 
Science. 50: 833-840.  
USDA. 1997. United states standards for grades of carcass beef. Agric. Market. Serv. , USDA, 
Washinton, DC.  
Van Eenennaam, A.L., J. Li, R.M. Thallman, R.L. Quaas, M.E. Dikeman, C.A. Gill, D.E. 
Franke, and M.G. Thomas. 2007. Validation of commercial DNA tests for quantitative beef 
quality traits. J. Anim Sci. 85:891-900. 
Wada, M. R., M. Inagawa-Ogashiwa, S. Shimizu, S. Yasumoto, and N. Hashimoto. 2002. 
Generation of different fates from multipotent muscle stem cells. Development. 129: 2987-
2995.  
Wang, Y. H., A. Reverter, S. H. Tan, N. De Jager, R. Wang, S. M. McWilliam L.M. Cafe, P.L. 
Greenwood, and S.A. Lehnert.  2008. Gene expression patterns during intramuscular fat 
development in cattle. Journal of Animal Science. 87: 119-130.  
Wheeler, T. L., L. V. Cundiff, and R. M. Koch. 1994. Effect of marbling degree on beef 
palatability in bos taurus and bos indicus cattle. Journal of Animal Science. 72: 3145-3151.  
Witte, D., M. Ellis, F. McKeith, and E. Wilson. 2000. Effect of dietary lysine level and 
environmental temperature during the finishing phase on the intramuscular fat content of 
pork. Journal of Animal Science. 78: 1272-1276.  
17 
 
Worrell, M., D. Clanton, and C. Calkins. 1987. Effect of weight at castration on steer 
performance on the feedlot. Journal of Animal Science. 64: 343-347.  
Wu C, C. Orozco, J. Boyer, M. Leglise, J. Goodale, S. Batalov, C.L. Hodge, J. Haase, J. Janes, J. 
W. Huss, and A. I. Su.  2009. BioGPS: An extensible and customizable portal for querying 
and organizing gene annotation resources. Genome Biology. 10: R130-R130.8.  
Xie, Y., J. Busboom, C. Gaskins, K. Johnson, J. Reeves, R. Wright, and J.D. Cronrath. 1996. 
Effects of breed and sire on carcass characteristics and fatty acid profiles of crossbred wagyu 
and angus steers. Meat Science. 43: 167-177.  
  
18 
 
Figures 
Figure 1.1.  USDA Quality Grade Chart
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1
Adapted from the United States Standards for Grades of Carcass Beef (USDA, 1987). 
  
19 
 
Figure 1.2. The relationship between marbling scores and the chemical extraction of 
intramuscular fat.
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Adapted from Romans et al., 2001. 
  
20 
 
Figure 1.3 Real-time PCR mechanism 
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Chapter II 
TRANSCRIPTION PROFILES OF DIFFERENTIALLY MARBLED BEEF CATTLE 
Abstract 
 
The objective of this study was to identify specific bovine genes expressed within 
skeletal muscle that are associated with the amount of intramuscular fat deposition. Twenty-eight 
steers and heifers were harvested at the University of Illinois Meat Science Lab over the course 
of 4 months in early 2009. Samples of longissimus muscle were removed within 90 minutes 
post-mortem and stored at -80ºC prior to RNA extraction. At 24 h post-mortem, cattle were 
graded and pH, drip loss, and color measurements were recorded. Steaks were removed for 
analysis of shear force and intramuscular fat content. Four pairs of animals were identified based 
on similar adjusted backfat thickness but differing amounts of intramuscular fat within each pair. 
The high marbled group averaged 9.7% intramuscular fat, while the low marbled group had just 
4.8% intramuscular fat. RNA was extracted from muscle samples devoid of visible fat and 
microarray analysis was performed using the Agilent two-color bovine array using a paired 
design with dye flip. Based on this analysis, 9 genes were selected as differentially expressed due 
to intramuscular fat content, and expression was subsequently confirmed by qPCR. Expression 
levels of MYH3, HOXD10, MXRA8 and CASQ2 were increased in animals with high marbling, 
whereas levels of NPNT, MRC1, DNER, and CYPB4 were decreased in high marbling animals. 
The remaining gene, ACTN2 was determined to be a false positive from the array and was 
therefore excluded from further study. RNA was then extracted from the remaining animals and 
expression of the above 8 genes was determined by qPCR with 18srRNA serving as a 
housekeeping gene. Despite the positive results of the preliminary study, associations between 
gene expression and intramuscular fat content did not extend to the larger population of beef 
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cattle. A significant negative association existed between expression of MRC1 and marbling 
level (P=0.04), but the amount of variability explained by this relationship was low (R
2
=0.17). 
Interestingly, expression of MRC1 was also negatively associated with a* (P=0.01, R=-0.49) and 
b* (P=0.02, R=-0.44). Therefore, this study was unable to identify a particular gene set whose 
expression correlated well with marbling levels in the larger population of beef cattle. 
Introduction 
Marbling, defined as the visible adipose tissue located between muscle cells and often 
near capillary beds (Harper and  Pethick, 2004), is the primary characteristic evaluated to predict 
the juiciness, tenderness, and flavor of cooked beef products.  Marbling levels have positive 
correlations with all three palatability parameters (Smith et al., 1986; Savell et al., 1987).  
However, some studies have shown that marbling accounts for a very small percentage of the 
variation in palatability (Blumer, 1963; Smith et al., 1983; Killinger et al., 2004).  Regardless of 
the disputed contribution of marbling to palatability, marbling is still the principle component of 
the USDA quality grading system.  Therefore, producers strive to market cattle with adequate 
amounts of marbling without sacrificing carcass cutting yields.  
The origin and control of intramuscular adipocytes, however, is still unknown.  Most 
believe intramuscular adipocytes arise from cells within the intramuscular extracellular matrix.  
Some believe that marbling may originate from satellite cells; whereas, others believe that the 
primary precursor cells are mesynchymal cells, which are also precursors to fibroblasts (Forrest 
et al., 1975).  To form marbling adiocytes, signals initiating transformation and differentiation 
processes of precursor cells must be received; however, little is known about these signaling 
pathways.  Extracellular matrix proteins of muscle origin may be involved in this adipocyte 
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differentiation process.  Therefore, cattle with a great amount of marbling would have different 
transcriptional profiles within skeletal muscle compared to cattle with less marbling, and these 
genes may be involved in marbling regulation.   
A similar study comparing transcriptional profiles of skeletal muscle from Wagyu x 
Hereford cattle to Piedmontese x Hereford cattle revealed an upregulation of adipose specific 
genes:  FABP4 (fatty acid-binding protein, adipocyte), SCD (stearoyl-CoA desaturase), and 
AdipQ (adipocyte, C1Q and collagen domain containing) (Wang et al., 2008).  However, these 
genes are of adipocyte and not muscle origin.  Because of the Wagyu influenced genetic 
propensity to marble compared to the lack of marbling seen in the Piedmontese breed, the 
differentiated genes may be related to the increased adipocyte density in the Wagyu cattle and 
not indicative of a difference in marbling regulation.  The objective of this experiment was to 
determine transcriptional profiles of highly and low marbled beef with a focus on extracellular 
matrix proteins of muscle origin that may be involved in the regulation of marbling development.   
Materials and Methods 
Animals 
 Twenty-eight cattle were harvested using humane, commercially standard procedures at 
the University of Illinois Meat Science Lab.  Two to six animals were harvested on each harvest 
day between February and April 2009.  Longissimus dorsi samples were collected directly 
anterior to the sirloin-shortloin junction on the right side of the carcass, no more than 90 minutes 
post-exsanguination.  A sample was immediately frozen and held at -80°C for gene expression 
analysis.  Another sample was frozen in liquid nitrogen chilled with 2-methylbutane and stored 
at -80°C for histological evaluations. 
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Carcass Quality 
 Twenty-four hours post mortem, carcasses were evaluated for various quality parameters 
by trained University of Illinois personnel.  The longissimus dorsi was exposed between the 12
th
 
and 13
th
 rib, and ribeye surfaces were allowed to bloom for at least 15 minutes.  Ribeye areas 
(REA) were obtained by tracing longissimus dorsi shape onto double matted acetate paper.  
Tracings were measured with a Super PLANIX  α poler planimeter (Tamaya Technics Inc., 
Tokyo, Japan) in duplicate and averaged.  Preliminary yield grades were taken at ¾ the length of 
the ribeyes using a USDA Preliminary Cutability Grade probe.  Preliminary yield grades and 
REA were used in addition to estimated kidney, heart and pelvic fat percentage to calculate 
USDA yield grades.  A single trained individual assigned each carcass marbling and maturity 
scores, and USDA quality grades were obtained.  Ultimate pH (pH Star, SFK Technologies, 
Peosta, IA), and instrumental color, (L*, a* and b*, Minolta CR-400 using a D60 light source 
and a 0° observer, Minolta Camera Company, Osaka, Japan) were measured on ribbed surfaces.  
Whole longissimus dorsi sections (12-cm length) were removed directly posterior to ribbed 
surfaces.  From those sections, a small slice (90-150 grams) was used to evaluate drip loss, and 
four 2.54-cm steaks were collected.  The first steak was used for proximate composition analysis, 
the second and third steaks for shear force analysis, and the fourth steak was held as a back-up at 
-20°C. 
Drip Loss 
 Subcutaneous fat was trimmed from steaks cut approximately 1-cm thick (90-150 grams).  
Steaks were weighed, suspended from fishhooks in Whirl-pak bags, and held at 4°C for 
approximately twenty-four hours.  Steaks were re-weighed and drip loss was reported as weight 
lost divided by initial weight.   
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Proximate Analysis 
 Proximate composition analyses were performed according to Novakofski et. al. (1989).  
In short, subcutaneous fat and associated connective tissue was removed from 2.54-cm 
longissimus dorsi steaks.  Steaks were homogenized using a food processor (Black and Decker, 
Shelton, CT).  Duplicate ten gram samples were dried in a 110°C oven for 48 hours.  Samples 
were weighed to obtain percent moisture.  Intramuscular lipid was extracted with an azeotropic 
mixture of chloroform and methanol, and lipid content was calculated after samples were 
extracted and dried. 
Warner-Bratzler Shear Force 
 Two 2.54-cm steaks were used for tenderness evaluation.  One steak was not aged (1d 
post mortem) and the other steak was aged in a vacuum bag at 4°C for 14 days.  All steaks were 
frozen and held at -20°C until analysis.  Steaks were held at 4°C and allowed to thaw 12 hours 
prior to cooking.  On a single day, all steaks were cooked on Farberware open-hearth grills 
(model 455N; Walter Kiddle, Bronx, NY) and internal temperatures were monitored by Copper-
Constantan Thermocouples (type T; Omega Engineering, Stamford, CT) and Barnant Scanning 
Digital Thermometers (model 692-0000; Barnant Co., Barington, IL).  Steaks were placed on the 
grill and cooked to internal temperatures of 35°C, flipped, and then cooked until internal 
temperatures reached 70°C.  Steaks were cooled to 25°C, and six cores (1.3-cm diameter) were 
collected parallel to the muscle fibers.  Cores were sheared with a Warner-Bratzler device fitted 
on a Texture Analyzer TA.HD Plus (Texture Technologies Corp., Scarsdale, NY/Stable 
Microsystems, Godalming, UK) set with blade speed of 3.3-mm/sec and load cell capacity of 
100 kg.  Six shear values were averaged. 
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Histological Evaluation 
 Frozen sections were cut 5µm thick using a cryostat.  Sections were then fixed to charged 
glass slides, and stained using a standard hematoxylin and eosin protocol. Images were then 
captured using a Zeiss Axio Imager A1 Microscope (Zeiss, Thornwood, NY), an Optronic 
Microfire camera (Optronics, Goleta, CA) and the Neurolucida (MicroBrightField, Willison, VT) 
software package.  One picture (>150 muscle cells) from each animal was subsequently traced 
and analyzed using the ImageJ software package (Rasband and  ImageJ, 1997).  Fiber area from 
each cell was recorded and the average area for each animal was obtained.   
RNA Isolation 
 Samples for RNA isolation were devoid of visible intramuscular fat.  Total RNA isolation 
was performed using the Tri-Reagent method (Sigma-Aldrich, St. Louis, MO).  Samples were 
submerged in 1 ml of Trizol and disrupted in a TissueLyzer (Qiagen, Valencia, CA).  The 
isolation was completed in accordance to the manufacturer’s directions.  Using 
spectrophotometry, total isolated RNA was quantified with a Nanodrop spectrophotometer 
(Nanodrop, Wilmington, DE). 
Microarray Procedure 
 Four pairs of animals (n=8, Table 2.1) were selected for gene expression comparison.  
Pairs were chosen to allow for a maximum difference in intramuscular fat content with minimal 
difference in the amount of subcutaneous fat.  Animals designated as highly marbled averaged 
9.7% intramuscular fat, whereas the animals designated as low marbled had an average of 4.8% 
intramuscular fat (Table 2.1).  Quality of RNA was analyzed using a 2010 Bioanalyzer chips 
(Agilent, Santa Clara, CA) prior to microarray analysis. 
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 According to manufacturer’s protocols, total isolated RNA was labeled using the Agilent 
Two Color QuickAmp Labeling Kit (Santa Clara, CA).  Briefly, double stranded cDNA was 
created by reverse transcribing 1 μg of each sample using a poly-dt promoter primer.  Antisense 
cRNA was then generated in vitro using T7 RNA polymerase which simultaneously amplifies 
the target sample and incorporated cyanin 3 (Cy3)-cytidine triphosphate (CTP) or cyanine 5 
(Cy5)-CTP.  A paired design with a dye swap of Cy3 and Cy5 was used to avoid dye bias.  
Qiagen RNAeasy column (Valencia, CA) was used for sample cleaning, and total synthesis and 
label incorporation was checked on a NanoDrop spectrophometer.  Agilent hybridiztion buffer 
was used to suspend the fragmented, labeled probe.  Slides were prehybridized with buffer 
containing: 20% Fomamide, 5X Denhardts, 6X SSC, 0.1% SDS, 25μg/ml tRNA and hybridized 
using a Biomicro Maui Mixer hybridiztion chamber.  Slides were washed, scanned on an Axon 
4000B and image analysis carried out using the Axon GenePix Pro 6.1 Image Analysis software. 
Microarray Statistical Analysis 
 A Functional Genomics Bioinformatics Specialist in the W.M. Keck Center for 
Comparative and Functional Genomics at the University of Illinois performed the microarray 
analysis.  Limma (Smyth, G. 2005) package from the Bioconductor project (Gentleman, et al. 
2004) was used for quality control assessment, data pre-processing, and statistical analysis.  
Spots that were manually flagged as “bad” due to dust specks, scratches, etc. were removed.  The 
background was low and even on all the arrays; therefore background correction was not done.  
Within-array normalization for the red and green channels was performed using loess (averaging 
ratios from dye-swapped hybridizations on each print-tip group, and between-array 
normalization on the M values (EQUATION EDITOR) was done using the scale method (Smyth 
and Speed, 2003). 
28 
 
 A model equivalent to a one-way ANOVA (high marbling vs. low marbling) was fit on 
the M-values, and an empirical Bayes correction was employed to improve power and decrease 
false positives when sample sizes are small (Smyth, 2004).  To correct for multiple hypotheses 
testing within each contrast, the raw P-values were adjusted using the False Discovery Rate 
(FDR) method (Benjamini et al., 1995). 
Real-Time PCR 
 For each animal, cDNA was reversed transcribed from 1 μg (.5 μg/μl) of isolated RNA, 
using the Quantitect Reverse Transcription Kit (Qiagen, Valencia, CA).  In triplicate and on a 
384 well plate, Real-Time PCR reactions containing 18 μl of the diluted cDNA, Taqman 
Universal Master Mix, and gene specific primers (Table 2.2) were performed on a 7900 HT 
thermal cycler/fluorescence detector (Applied Biosystems, Foster City, CA).  A cDNA dilution 
of 1:100 was selected to be used for qPCR after a series of validation experiments, as described 
by the manufacturer, were completed.  First, qPCR data was used to validate the results obtained 
from the eight animals represented in the microarray.  Then, qPCR was performed on the 
remaining cattle (n=20) and data was used in conjunction with the original eight animals to 
determine gene expression within the population.  Samples were normalized to the housekeeper 
gene, 18S-RNA.  Conformation through qPCR validation showed that 18S-RNA expression was 
not altered in relation to marbling.   
Statistics 
 Data was analyzed with the Correlation and Regression Procedures of SAS.  Pearson 
correlation coefficients were obtained from the Corr Procedures of SAS (SAS Institute., 2004).  
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Regression equations were calculated to determine the impact of increased gene expression on 
percentage of intramuscular fat using the Reg Procedure in SAS (SAS Institute., 2004). 
Results 
 Two cattle were excluded for being dark cutters as indicated by abnormally high ultimate 
pH (>6.0) and low L* values (<30).  Cattle in this study were industry- typical market ready, 
black-hided cattle, with an average hot carcass weight of 349.06 kg and dressing percent of 
65.45% (Table 2.3).  Cattle had REA ranging from 70.3 to 113.5 cm
2
 and yield grades between  
1.8 and 4.3.  After 14d of post-mortem aging, shear force of longissimus dorsi (LD) steaks from 
all cattle averaged 2.81 kg.   Quality grades were distributed from low Prime to high Select 
(Figure 2.1) with most cattle grading Choice.  The average percentage of intramuscular fat was 
7.0 % with a range of 2.7% to 11.4% (Table 2.3).   
 Intramuscular fat was negatively correlated with aged (14d) shear force (r -0.41, P=0.04) 
(Table 2.4).  Interestingly, there was no significant correlation between subcutaneous and 
intramuscular fat (r -0.07, P=0.74). However, subcutaneous fat was negatively correlated with 
dressing percent (r -0.46, P=0.02), drip loss (r 0.49, P=0.04), and pH (r -0.55, P<.01).  
Unexpectedly, dressing percent was negatively correlated with yield grade (r -0.47, P=0.02).  pH 
was negatively correlated with yield grade (r -0.58, P<.01) and drip loss percentage (r -0.48, 
P<0.04) and was positively correlated with dressing percentage (r 0.48 P=0.02).  Drip loss was 
positively correlated with yield grade (r 0.52, P=0.02).  L* was positively correlated with live 
weight (r 0.47, P=0.02) and hot carcass weight (r 0.51, P=0.01) and negatively correlated with a* 
(r -0.67, P<0.001).  Furthermore, a* and b* were positively correlated (r
 
0.89, P<0.0001).   
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 The microarray revealed seventy-eight differentially expressed genes when comparing 
highly marbled versus low marbled cattle.  From those genes, forty-four had a fold change 
greater than 1.4.  From that list, nine genes associated with extracellular matrix were chosen for 
further analysis, and qPCR was then utilized for validation.  One gene (Actn2) failed to validate 
and was removed from the study.  The other eight genes had an average fold change that was 
comparable to the average fold change calculated from the microarray (Table 2.5).  Mrc1, 
Cypb4, Dner, and Npnt had an increased expression in the low marbled animals, whereas, Casq, 
Hoxd10, Mxra8, and Myh3 had increased expression in the animals with a higher amount of 
marbling (Table 2.5).  Dner had the most extreme fold change (FC = -3.94, FDR = 0.07). 
Hoxd10 was the most differentially expressed gene that was unregulated in the low marbled 
animals (FC = 2.31, FDR <0.01).   
 Using the panel of eight genes selected from the microarray analysis, qPCR was 
performed on the entire population of cattle (n=26).  Despite promising preliminary data, 
expression of seven of the eight genes failed to explain a significant portion of the variation for 
intramuscular fat (P>0.18) (Figure 2.2).  However, Mrc1 explained 17% (P=0.04) of the 
variation in marbling.  Expression of Mrc1 decreased (ΔCT increased) as intramuscular fat 
increased.  The ΔCT value of Mrc1 was also negatively correlated with a* (r -.49, P=0.01) and 
b* (r -.44, P=.02) (Table 2.6).  As expected, fiber type had no significant correlation with 
intramuscular fat (Figure 2.3), though there was a trend for MHC IIx expression to be decreased 
with increased marbling (P=0.11). 
 Subcutaneous fat was correlated with the ΔCT values of MHC I (r -0.42, P=0.04), MHC 
IIx (r -.40, P=0.05) (Table 2.7), and Cypb4 (r -0.50, P =0.04) (Table 2.6).   Ribeye area was 
negatively correlated with Mxra8 (r -0.49, P=0.06) and Hoxd10 (r -0.35,  P=0.08) (Table 2.6), 
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however, ribeye area was surprisingly not significantly correlated with any of the fiber types.  
Furthermore, b* was negatively correlated with Mrc1 (r -0.44, P=0.02), Myh3 (r -0.43, P=0.03), 
and Npnt (r -0.42, P=0.05) and positively correlated with Mxra8 (r 0.48, P=0.06).  Mrc1 was also 
negatively correlated with a* (r -0.49, P=0.01). 
Discussion 
From this study, we were unable to develop a potential pathway of genes that regulate the 
development of marbling; however, we were able to identify two genes that may be involved in 
intramuscular adipogenesis.  Mrc1 was the only gene in this study that could be significantly 
regressed with intramuscular fat.  As Mrc1 expression decreased, intramuscular fat increased.  
Mrc1 is a transmembrane protein that binds glycoproteins. In a previous in vitro, study Mrc1 
expression was shown to increase during myoblast to myotube fusion (Jansen and  Pavlath, 
2006).  Therefore, if Mrc1 has similar roles during hypertrophy, when satellite cells fuse with 
muscle fibers, it can be deduced that cattle with increased Mrc1 expression are undergoing 
hypertrophy.  Cattle undergoing hypertrophy are likely to be in the immature stages of the 
growth curve where intramuscular fat percentage is low, and nutrients are utilized for skeletal 
muscle growth rather than intramuscular fat proliferation.  It can be hypothesized that Mrc1 
expression may inhibit adipocyte development during this process.   
Of the eight genes that were validated by qPCR, Dner was the only one previously shown 
to be involved in adipocyte differentiation.  A human in vitro study by Park et al. (Park et al., 
2009) revealed that Dner, a neuron-specific transmembrane protein principally expressed in the 
cerebellum, may inhibit adipocyte differentiation and promote proliferation of mesenchymal 
cells, adipocyte precursors.  From the microarray analysis, Dner expression was lower in highly 
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marbled cattle and had the most extreme fold change when comparing the two groups of animals.  
One could hypothesize that the decreased expression of Dner increased the number of 
mesenchymal cells differentiating into adipocytes.  The increased number of differentiated 
adipocyte cells caused the increased percentage of intramuscular fat.  However, when the 
remaining cattle were included in the qPCR analysis, there was no significant correlation 
between the expression of Dner and intramuscular fat.  This gene may warrant further 
investigation as only eleven of the twenty-six cattle had expression levels high enough to be 
detected by qPCR.   
Interestingly, our microarray analysis provided promising results initially; however, the 
gene expression patterns with intramuscular fat did not hold true when a larger population of 
animals was added to the analysis.  This result may be due to the animal selection and pairing 
method that was used for microarray analysis.  Animals were paired to have similar adjusted 
preliminary yield grade scores and maximal differences in marbling scores.  This method was 
chosen to avoid confounding intramuscular fat percentage with subcutaneous fat; however, 
subcutaneous fat was not significantly correlated with intramuscular fat.  One might obtain better 
results if emphasis was placed on keeping other factors such as hot carcass weight, age, or 
physiological maturity similar as an indication of the animal’s point on the growth curve.  
Furthermore, results from the microarray were from a discrete comparison (high vs. low) 
whereas the qPCR analysis was based on a continuous comparison.  Therefore, for future studies, 
one should investigate the use of a comparison-wise model when developing an appropriate 
qPCR model. 
The negative correlation between MHC I with subcutaneous fat and MHC IIx with 
subcutaneous fat can be explained by an increase in growth.  When protein deposition is high, fat 
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deposition is usually low.  When MHC I and MHC IIx expression levels increased at the same 
time, one can assume that it is from a general increase in total protein deposition, and generally 
negatively correlated with the amount of subcutaneous fat.  Mxra8 was also negatively correlated 
with ribeye area, indicating that animals depositing protein may require matrix remodeling. 
Interestingly, b* was significantly correlated with 4 genes Mrc1, Mxra8, Myh3, and Npnt.    
As previous research has indicated, marbling has a negative correlation with Warner-
Bratzler shear force (Smith et al., 1986; Savell et al., 1987).  This is most likely from a decrease 
in mass per unit of volume; however, others have hypothesized that marbling may cause a 
thinning of adjacent connective tissue, decreasing its strength and ultimately resulting in a more 
tender product (Savell and  Cross, 1988).  Previous research has indicated that subcutaneous fat 
often has a positive correlation with dressing percent (Owens and  Gardner, 2000); however, our 
data revealed a negative correlation between subcutaneous fat and dressing percentage.  Previous 
studies have demonstrated that increased amount of subcutaneous fat will insulate the carcass 
and thereby result in decreased chilling rates and pH declines (Aalhus et al., 2001).   Therefore, 
this phenomenon may explain the negative correlation between subcutaneous fat and ultimate 
pH.  Furthermore, this may further explain the negative correlation between yield grade and pH 
and the positive correlation with yield grade and drip loss.   
Further investigation should focus on the functions of Mrc1 and Dner.  The results of this 
study suggest that Mrc1 may have a role in the regulation of intramuscular adipose development 
and accumulation.  Protein analysis should be undertaken to further understand the role Mrc1 has 
in intramuscular fat development.  An analysis of proteins up- and down-stream of the mannose 
receptor may aid in understanding the pathways involved in the accretion of marbling.  Dner also 
appears to be a promising candidate for future research. Surprisingly, Dner did not have adequate 
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expression in all animals.  Therefore, further investigation is needed to understand why some 
animals expressed this gene, while others had very minimal to no expression.  Future research 
could also focus on pairing animals together with extreme differences in marbling rather than 
emphasizing minimal differences in subcutaneous fat.   
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Tables and Figures 
  
Pair
Intramuscular 
Fat, %
Adjusted 
Preliminary 
Yield Grade
12th Rib Fat 
(cm)
Hot Carcass 
Weight (Kg)
Ribeye Area 
(cm
2
)
4.4 3.8 1.6 298.7 70.3
8.0 3.8 1.3 324.1 87.7
6.0 3.0 0.6 277.1 80.0
10.3 3.0 1.0 299.1 85.8
4.8 3.2 1.0 331.6 84.5
9.3 3.2 1.1 316.8 76.1
4.1 3.5 1.4 397.1 92.3
11.4 3.5 1.5 349.7 84.5
Table 2.1 Characteristics of carcasses selected for microarray analysis
1
2
3
4
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   Forward Sequence
a
Gene Product Reverse Sequence
a
ProbeSequence
b
GCT ATC ATG GCC TCT ACT GTG
Dner delta/notch-like EGF repeat containing TGT AGG ATT CGC AGT GGA TTC
TGC AGG GAC CTC GTC AAC GG
CTC AGG TCA GAA GTT TCA GGA G
Cib2 calcium and integrin binding family member 2 TCT TCC TGT CGT CCA TCG GG
ACG GTT CTA TGA GCT GGC CCC
GAC TTC ATC TAC TTT CTC ACC CC
Cyp4b1 cytochrome P450, family 4, subfamily B, polypeptide 1 TCT TGC TCT GTA TCC TCT CCC
CTG CTT TCC GTT CCC TGA TGA CCT
ACT GCA TTA AAA TAC AAG AAC CC
Mrc1 mannose receptor, C type 1 AGT GTT TGG AAT CTC CTT AAA TGA TTT C 
AGG ACA CTT AGC TGG TTG CTT CTG G
TGG ATG TGC TGG AAT GGG
Npnt nephonectin CAA GTA AAC TTT GCA GGG AGG
CAA TCT TGT CCT GTG GCC CTA GTG T
CTC TGG AGA CTT GTG CTT CTG
Mxra8 matrix-remodelling asscoiated 8 GCT TAC TGT GGA CTC GGA C
AGA GTT CTG CCG TCC TTC TGT CTT CA
TGC TCA TCT CAC CAA GTT CC
Myh3 myosin, heavy chain 3, skeletal muscle, embryonic CAC TCT TCA CTC TCA TGG ACC
ATA TCA GCC CGT TCT TCA GCC TCC
ATT GAC CCC GAT GAC TTT CC
Casq calsequestrin 2 AAT CTG TGG CTT GAA GAG GTC
AGT CTT TTC CCA ATA GGC AAC CAG CA
CGA CGC TGT GAA TGT TAA TGA TC
Actn2 actinin, alpha 2 TCC AGG TGA AGT TGA TCG ATG
AAT CTG TGA CCA GTG GGA TCG GC
AGA GGTCTC CGT GTC CAG
Hoxd10 homeobox D10 GCG TTT GGT GCT TAG TGT AAG
TTG CTT TCC TTC TCC TGT ACT TCG GG
ACA GAG AAA ACC AGT CCA TCC
Myh7 myosin heavy chain I, skeletal muscle (cardiac muscle, beta), adult ACC GCG AAG TAT TGG ATG AC
CAG GGA AGA CGG TCA ACA CCA AGA
AGA TGT TCC TGT GGA TGG TTG
Myh1 myosin heavy chain IIx, skeletal muscle, adult CTC ATT GGT GAA GTT GAT GCA C
AGC AAT GTC CCA AGA CCC CGA TGA A
CAC CAA CCC ATA TGA CTA CCC
Myh2 myosin heavy chain IIa, skeletal muscle, adult CGTGAG CTT GTA GAT GGA GAC
CCA CACC TGA TCT CCC CTT GAC TGA TG
GAC TCT GGG CAT GCT AAC TAG
18srRNA 18s-ribosomal RNA GGA CAT CTA AGG GCA TCA CAG
TCA ATC TCG GGT GGC TGA ACG C
Table 2.2 Selected genes and corresponding sequences 
a
5' --> 3'
b
5'-56-FAM/ --> /3IABkFQ/-3'
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Table 2.3 Carcass cutability and quality characteristics
Trait Mean SD Minimum Maximum
Live Wt., Kg 533.41 64.02 419.12 671.77
Hot Carcass Wt., Kg 349.06 41.65 277.14 434.54
Dressing, % 65.45 1.11 63.32 67.38
Preliminary Yield Grade 3.3 0.4 2.6 4.1
Ribeye Area, cm
2
86.5 8.8 70.3 113.5
Kidney, Heart and Pelvic Fat, % 2.2 0.4 1.5 3.0
Yield Grade 3.0 0.6 1.8 4.3
pH 5.55 0.11 5.32 5.98
L* 38.37 4.91 31.13 53.74
a* 21.07 3.72 10.34 27.94
b* 9.53 1.66 5.98 12.24
Muscle Fiber Area, μm
2
3238 583 2381 4653
Drip Loss, %
ac
1.0 0.7 0.3 2.7
Intramuscular Fat, % 7.0 2.1 2.7 11.4
Cook Loss, %
b
23.1 5.1 13.0 29.6
Shear 0d, Kg
c
4.32 1.14 2.25 5.90
Shear 14d, Kg 2.81 0.53 2.11 4.00
a
(Initial weight - 24 Hour Weight) / Initial Weight x 100
b
(Initial weight - Cooked Weight) / Initial Weight x 100
c
7missing data points
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Live 
Weight HCW
Dressing 
%
Intramuscular 
Fat
Subcutaneous 
Fat
Yield 
Grade pH L* a* b*
Drip Loss, 
%
Cook Loss 
(14 d)
Hot Carcass 0.99
<.0001
Dressing % -0.01 0.11
0.96 0.60
Intramuscular Fat -0.06 -0.04 0.15
0.77 0.83 0.49
Subcutaneous Fat 0.21 0.18 -0.46 -0.07
0.30 0.37 0.02 0.74
Yield Grade 0.26 0.23 -0.47 0.04 0.88
0.19 0.26 0.02 0.85 <.0001
pH -0.15 -0.08 0.48 0.00 -0.55 -0.58
0.47 0.70 0.02 1.00 <.01 <.01
L* 0.47 0.51 0.17 0.17 0.27 0.35 0.00
0.02 0.01 0.43 0.40 0.18 0.08 0.99
a* -0.28 -0.31 -0.20 -0.01 0.15 0.10 -0.34 -0.67
0.17 0.13 0.35 0.96 0.48 0.62 0.08 <.001
b* -0.13 -0.15 -0.19 0.13 0.22 0.24 -0.37 -0.35 0.89
0.52 0.45 0.37 0.53 0.27 0.23 0.06 0.08 <.0001
Drip Loss, % 0.24 0.27 -0.01 -0.32 0.49 0.52 -0.48 0.33 -0.21 -0.26
0.31 0.26 0.98 0.19 0.04 0.02 0.04 0.17 0.38 0.29
14 d Cook Loss -0.19 -0.16 0.21 -0.17 0.00 -0.12 0.28 -0.14 -0.07 -0.07 0.04
0.35 0.43 0.32 0.42 0.99 0.55 0.16 0.50 0.73 0.73 0.89
14d Shear Force -0.28 -0.25 0.26 -0.41 -0.10 -0.10 0.23 -0.24 0.06 0.06 0.02 0.34
0.16 0.23 0.21 0.04 0.61 0.63 0.26 0.24 0.77 0.77 0.94 0.09
Table 2.4 Correlation coefficients relating quality and yield characteristics
1
1
Bolded values signify p<0.1
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Gene Function Microarray Fold Change FDR qPCR Average Fold Change
Mrc1 Recognize Glycoprotiens -2.25 0.09 -3.64
Casq Calcium binding in Sarcoplasmic Reticulum 1.72 0.05 2.22
Cypb4 Drug, CHO, Steroid, and Lipid Metabolism -3.47 0.06 -17.60
Dner Inhibits Adipocyte Differentiation -3.94 0.07 -1.51
Hoxd10 Embryonic Limb Development 2.31 <0.01 2.19
Mxra8 Matrix Remodeling 1.41 0.05 1.12
Myh3 Embryonic Myosin Contraction 1.75 0.06 4.07
Npnt Promotes Osteoblast Differentiation -1.69 0.06 -1.96
Table 2.5 Selected genes, functions, microarray analysis and validation 
1
Fold change is displayed as high vs. low marbling
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CYPB4 DNER HOXD10 MRC1 MXRA8 MYH3 NPNT
Yield Grade -0.41 -0.31 0.01 -0.10 0.41 -0.16 0.37
0.11 0.36 0.98 0.63 0.11 0.43 0.08
Subcutaneous Fat -0.50 0.48 -0.14 -0.16 0.22 -0.23 -0.29
0.04 0.14 0.51 0.45 0.42 0.27 0.18
Ribeye Area 0.24 0.18 -0.35 -0.12 -0.49 0.09 0.10
0.35 0.60 0.08 0.57 0.06 0.65 0.66
pH 0.17 -0.05 0.06 0.16 -0.06 0.05 0.32
0.53 0.88 0.98 0.63 0.11 0.43 0.08
a* -0.40 -0.27 -0.16 -0.49 0.28 -0.30 -0.31
0.11 0.42 0.44 0.01 0.29 0.14 0.15
b* -0.38 -0.46 -0.20 -0.44 0.48 -0.43 -0.42
0.14 0.15 0.34 0.02 0.06 0.03 0.05
Drip Loss, % 0.12 -0.11 0.25 -0.31 -0.16 0.08 -0.46
0.69 0.76 0.31 0.20 0.60 0.74 0.08
1
Bolded values signify p<0.1
Table 2.6 Pearson correlation coefficients for gene expression with carcass characteristics.
1
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MHC 1 MHC 2a MHC 2x
Yield Grade -0.35 -0.36 -0.33
0.08 0.08 0.11
Subcutaneous Fat -0.42 -0.31 -0.40
0.04 0.13 0.05
Ribeye Area -0.09 0.04 -0.12
0.68 0.86 0.55
Table 2.7. Pearson correlation coefficients for fiber 
types with carcass characteristics.
1
1
Bolded values signify p<0.1
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Figure 2.1.  USDA Quality Grade Distribution. 
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Figure 2.2. Regression graphs for gene expression and intramuscular fat. 
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Figure 2.3. Regression graphs for fiber type and intramuscular fat 
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Appendix A 
RNA Isolation 
1. Store 50 – 100 mg of skeletal muscle tissue at -80º C in 2.0ml round bottom eppendorf 
tubes. 
 
2. Remove tubes containing samples from freezer and place on ice. 
 
3. Pipette 1.5ml of Tri-Reagent (Sigma-Aldrich, St. Louis, MO) and place a metal bead in 
the tube containing the sample. 
 
4. Place the tube in the TissueLyzer (Qiagen, Valencia, CA) and allow run for 3 minutes at 
30 hertz. 
 
5. Centrifuge at 18,000xg for 15 minutes at 4º C.  During this step a large pellet will form in 
the bottom of the tube. 
 
6. Remove and dispense the supernatant into a new 1.5 ml eppendorf tube containing 100μl 
of 1-Bromo-3-Chloropane Phase Separation Reagent (BCP).  Take special care when 
removing the supernatant and do not disturb the pellet. 
 
7. Vortex solution for 15 seconds. 
 
8. Incubate solution at room temperature for at least 10 minutes. 
 
9. Centrifuge at 13,000xg for 15 minutes at 4º C.  During this step the solution will separate 
into three layers.  The bottom layer will be pink, the small middle layer will be white, and 
the important, top layer will be clear. 
 
10. Remove and dispense the top, clear layer into a new 1.5 ml eppendorf tube containing 
0.5ml of isopropanol.  Take special care when removing the supernatant and do not 
disturb the other layers. 
 
11. Vortex the solution for approximately 5 seconds. 
 
12. Hold samples at -20º C overnight.  (OR hold the samples at -80º C, for at least 10 min. 
and then move and hold the samples at -20º C for at least 10 min.) 
 
13. Centrifuge at 13,000xg for 15 minutes at 4º C.  During this step a very small pellet 
(Description: White Flake) will form in the bottom of the tube.   
 
14. Remove and discard the supernatant.  Take special care when removing the supernatant 
and do not disturb the pellet. 
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15. Add 1 ml of 75% ethanol to the tube containing the pellet. 
 
16. Briefly, vortex the solution, to allow the pellet to float.  Do not over vortex, causing the 
pellet to dissolve. 
 
17. Centrifuge at 13,000xg for 15 minutes at 4º C.   
 
18. Remove and discard the supernatant.  Take special care when removing the supernatant 
and do not disturb the pellet. 
 
19. Allow the pellet to air dry for 10 – 15 minutes.  Do not over dry. 
 
20. Add 25μl of RNase-free water.  Gently mix by pipetting up and down until the pellet has 
dissolved in the water and briefly spin the sample down using a table-top centrifuge. 
 
21. Nanodrop with 2 μl of sample. 
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Appendix B 
 
cDNA Preparation 
 
1. Thaw gDNA wipeout buffer, Quantiscript Reverse Transcriptase, Quantiscript RT Buffer, 
RT Primer Mix, and RNase Free Water by placing tubes on ice.  QuantiTect Reverse 
Transcription Kit (Qiagen, Valencia, CA). 
 
2. Vortex and centrifuge all reagent and RNA samples 
 
3. Pipette 2μl of the sample RNA into new PCR tubes. 
 
4. Construct gDNA Master Mix 
a. 2μl/Sample of gDNA wipeout buffer 
b. 10μl/Sample of RNase-free water 
 
5. Add 12μl of gDNA Master Mix to each tube containing 2μl of the RNA sample 
 
6. Vortex and Centrifuge the solution. 
 
7. Incubate the solution for 2 min. at 42ºC. 
 
8. Construct Master Mix #2. 
a. 1μl/Sample of Quantiscript Reverse Transcriptase 
b. 4μl/Sample of Quantiscript RT Buffer 
c. 1μl/Sample of RT Primer Mix 
 
9. Add 6μl of Master Mix #2 to the solution after incubation is complete. 
 
10. Incubate for 15 min at 42ºC.  At the completion of this step the tube will contain 20μl of 
concentrated cDNA.  This should be held at -20º C for further analysis. 
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Appendix C 
Real-time Polymerase Chain Reaction Preparation 
1. Dilute cDNA, by adding 2μl of the cDNA to a 0.5ml eppendorf tube containing 198μl of 
RNase-free water.  (1:100 dilution) 
 
2. In a 96-well plate, pipette 18μl of the diluted cDNA in each well of a corresponding 
column (Figure C.1). 
 
3. Add 20μl/ Sample of Taqman Universal Master Mix (Applied Biosystems, Branchburg, 
NJ) to 1.5 ml eppendorf tubes labeled with the genes of interest. 
 
4. Add 2μl/cDNA Sample of the primer/probe mix, corresponding to each gene of interest, 
to each respective tube. 
 
5. Add 22μl of the Taq/Probe mix to each well of the corresponding row (Figure C.1). 
 
6. Vortex the 96-well plate and centrifuge.  Repeat if necessary. 
 
7. Aliquot 10μl of the cDNA/Taq/Primer solution to the corresponding well on a 384-well 
plate. (Figure C.2) 
 
8. Refrigerate and cover the 384-well plate with aluminum foil until run time. 
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H G F E D C B A
Sample 
1
Sample 
2
Sample 
3
Sample 
4
Sample 
5
Sample 
6
Sample 
7
Sample 
8
1
Gene 1
2
Gene 2
3
Gene 3
4
Gene 4
5
Gene 5
6
Gene 6
7
Gene 7
8
Gene 8
9
Gene 9
1
0 Gene 10
1
1
1
2
Figure C.1 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Gene 1 A H1 H1 H1 G1 G1 G1 F1 F1 F1 E1 E1 E1 D1 D1 D1 C1 C1 C1 B1 B1 B1 A1 A1 A1
Gene 2 B H2 H2 H2 G2 G2 G2 F2 F2 F2 E2 E2 E2 D2 D2 D2 C2 C2 C2 B2 B2 B2 A2 A2 A2
Gene 3 C H3 H3 H3 G3 G3 G3 F3 F3 F3 E3 E3 E3 D3 D3 D3 C3 C3 C3 B3 B3 B3 A3 A3 A3
Gene 4 D H4 H4 H4 G4 G4 G4 F4 F4 F4 E4 E4 E4 D4 D4 D4 C4 C4 C4 B4 B4 B4 A4 A4 A4
Gene 5 E H5 H5 H5 G5 G5 G5 F5 F5 F5 E5 E5 E5 D5 D5 D5 C5 C5 C5 B5 B5 B5 A5 A5 A5
Gene 6 F H6 H6 H6 G6 G6 G6 F6 F6 F6 E6 E6 E6 D6 D6 D6 C6 C6 C6 B6 B6 B6 A6 A6 A6
Gene 7 G H7 H7 H7 G7 G7 G7 F7 F7 F7 E7 E7 E7 D7 D7 D7 C7 C7 C7 B7 B7 B7 A7 A7 A7
Gene 8 H H8 H8 H8 G8 G8 G8 F8 F8 F8 E8 E8 E8 D8 D8 D8 C8 C8 C8 B8 B8 B8 A8 A8 A8
Gene 9 I H9 H9 H9 G9 G9 G9 F9 F9 F9 E9 E9 E9 D9 D9 D9 C9 C9 C9 B9 B9 B9 A9 A9 A9
Gene 10 J H10 H10 H10 G10 G10 G10 F10 F10 F10 E10 E10 E10 D10 D10 D10 C10 C10 C10 B10 B10 B10 A10 A10 A10
K
L
M
N
O
P
Sample 7 Sample 8Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Figure C.2
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Appendix D 
qPCR Housekeeper Validation and Dilution Determination 
1. Need 50μl of concentrated cDNA from at least 2 samples for appropriate dilution 
determination 
 
2. Dilute cDNA, by serial dilution.   
a. 1:8 50μl of concentrated cDNA  350μl of RNase-free water 
b. 1:16 200μl of a (1:8 diluted cDNA) 200μl of RNase-free water 
c. 1:32 200μl of b (1:16 diluted cDNA) 200μl of RNase-free water 
d. 1:64 200μl of c (1:32 diluted cDNA) 200μl of RNase-free water 
e. 1:128 200μl of d (1:64 diluted cDNA) 200μl of RNase-free water 
f. 1:256 200μl of e (1:128 diluted cDNA) 200μl of RNase-free water 
 
3. In a 96-well plate, pipette 18μl of each dilution of cDNA in each well of the 
corresponding column (Figure D.1). 
 
4. Add 310μl of Taqman Universal Master Mix (Applied Biosystems, Branchburg, NJ) to 
1.5 ml eppendorf tubes labeled with the genes of interest. 
 
5. Add 31μl of the primer/probe mix, corresponding to each gene of interest, to each 
respective tube. 
 
6. Add 22μl of the Taq/Probe mix to each well of the corresponding row (Figure D.1). 
 
7. Vortex the 96-well plate and centrifuge.  Repeat if necessary. 
 
8. Aliquot 10μl of the cDNA/Taq/Primer solution to the corresponding well on a 384-well 
plate. 
 
9. Refrigerate and cover the 384-well plate with aluminum foil until run time. 
 
Housekeeper validation: The chosen housekeeper gene should be validated using samples from 
each treatment group.  It is imperative that the expression of the housekeeper gene is not affected 
by the treatment or the dependant variable.  As an example, five animals from a control group 
and five animals from a treatment group could be used for house keeper validation.  After qPCR 
has been completed on the ten samples, an ANOVA can be run using the treatment as an 
independent variable and the housekeeper gene expression as the independent variable.  With a 
P>0.2 it can be concluded that the housekeepers gene expression is not affected by the treatment. 
54 
 
Fold Change Calculation:  From the qPCR, obtain the average cycles to threshold (CT) value for 
each sample (3 well average).  Subtract the average CT for the housekeeper gene from the 
individual sample’s CT value, this new value is the ΔCT.  Next subtract the ΔCT from the 
calibrator, this new value will be the ΔΔCT.  The calibrator can be the average ΔCT of a control 
group, the ΔCT value for a specific sample that has been ran on every plate, or the average ΔCT 
of the whole population.  Lastly, two to the power of the negative ΔΔCT is the equation that 
should be used to determine the average fold change. 
Dilution Determination:  To determine the proper cDNA dilution, the qPCR should be run using 
a serial dilution as shown in step #2.  Using the data from the qPCR, the ΔCT should be 
calculated for each dilution.  The ΔCT should then be plotted against the log of the dilution (1:8 
= log(1/8)).  A line should then be fitted to the graph, and a series of three to four points should 
be identified where the slope is less than 0.1.  The average of these dilutions will be the 
appropriate dilution for the qPCR analysis.   
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1:08 1:16 1:32 1:64 1:128 1:256 1:08 1:16 1:32 1:64 1:128 1:256
1 2 3 4 5 6 7 8 9 10 11 12
Gene 1 A
Gene 2 B
Gene 3 C
Gene 4 D
Gene 5 E
Gene 6 F
Gene 7 G
Gene 8 H
Sample 1 Sample 2
 
Figure D.1 
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Appendix E 
Skeletal Muscle Fiber Area Determination 
1. Freeze a small sample of muscle tissue. 
a. Place a small amount of Tissue-Tek’s Optimal Cutting Temperature Compound 
(O.C.T.) (Fisher-Scientific, Pittsburgh, PA) on cork board (approximately 1 in. 
square). 
b. Obtain a small, cubical-shaped muscle sample.  Ensure that one surface is cut 
perpendicular to the orientation of the muscle fibers.   
c. Place the muscle sample on top of the O.C.T. compound with the perpendicular 
cut surface parallel with the cork board (orientation of the muscle fibers 
perpendicular to the cork board). 
d. Carefully, place the sample into a glass beaker containing liquid nitrogen-chilled, 
2-methylbutane (1-2 minutes). 
e. After the sample has had ample time to freeze, remove the sample from the 2-
methylbutane, and hold at -80º C.   
 
2. Cut cross-sections of muscle fiber. 
a. Place a small amount of O.C.T. on a chuck. 
b. Place the cork board on the O.C.T. and place a small metal weight on top of the 
sample inside of the cryostat to ensure the cork properly adheres to the chuck.  
The sample should be left in the cryostat without disturbance, to allow the O.C.T. 
to freeze and to allow the sample to warm-up to the ambient temperature within 
the cryostat. 
c. Cut the sample sections to a thickness of 10μm. 
d. Place the frozen sections on a glass slide. 
 
3. Stain the slides with a traditional hematoxylin and eosin stain.  Place a cover slip over the 
sections. 
 
4. Using a microscope, obtain a picture of the section (10x magnification).  Also, obtain a 
picture of micrometer using the same magnification. 
 
5. Using ImageJ measure individual muscle fiber areas. 
a. Open the picture of the micrometer. 
b. Using the “straight-line selection” tool draw a straight line from over a known 
distance of the micrometer. 
c. Click Analyze > Set Scale 
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d. Enter the “Known Distance” of the line drawn on the micrometer in micrometer 
units.  Change the “Unit of Length” to micrometers.  Select “Ok.”  The scale will 
have to be set each time ImageJ is initially opened.   
e. Open a muscle cross-sectional picture (Figure E.1). 
f. Change the image to black and white by clicking: “Image” > “Adjust” > 
“Threshold.” 
g. Select the “Dark Background” option.  Using the scroll bars adjust the threshold 
to maximize the amount of black within each cell, while the border of each cell 
remains white.   
h. Select “Process” > “Smooth” 
i. Using the “Paintbrush” tool set at 2 pixels, zoom in and ensure that each cell is 
completely surrounded by white.  If black from neighboring cells are touching, 
the “Paintbrush” tool should be used to separate the cells (Figure E.2). 
j. Select “Analyze” > “Analyze Particles”   
k. Change “Size” to “50-infinity” 
l. Click “Ok” 
m. Once ok is selected a blue border should surround each individual muscle fiber, 
and the fibers will be numbered.  In a nearby window the cell’s number will be 
listed along with the cell’s area (Figure E.3). 
n. The fiber areas can be manually transposed to excel for further analysis. 
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Figure E.1.  Initial image when uploaded into ImageJ 
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Figure E.2. Cross-sectional image after paintbrush tool has separated individual muscle fibers. 
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Figure E.3.  Image with cells highlighted and numbered. 
 
 
